A natural consequence of maturity is abscission, the separation of the fruit from the tree. Thus, preharvest fruit drop results in signifi cant loss of production and potential income. To minimize drop, the growers must treat the apple [Malus sylvestris (L.) Mill. Var. domestica (Borkh.) Mansf.] trees with chemicals (Gardner et al., 1939; Shafer et al., 1995) . Government regulations and public perception require growers to reduce the use of chemicals in fruit production. However, there are some apple cultivars that do not require application of drop retarding chemicals because of low rates of fruit abscission.
Fruit abscission is considered to be a similar mechanism as the shedding of leaves and fl owers (Sexton and Roberts, 1982) . It is the consequence of a series of precisely coordinated events, which lead to the loss of cell-to-cell cohesion. It has been proposed that cell wall breakdown is caused by the action of several hydrolytic enzymes; this has been well documented at both a biochemical (Patterson, 2001; Taylor et al., 1993; Webb et al., 1993 ) and a molecular level (Brummell et al., 1999; Cho and Cosgrove, 2000; Hong et al., 2000; Mao et al., 2000; Taylor et al., 1994; Tucker et al., 1988) . There is convincing evidence that the progress of this coordinated cell separation is regulated by ethylene, and that the timing of abscission is strongly infl uenced in vivo by ethylene (Beyer, 1975; Jackson and Osborne, 1970) .
The amount of ethylene in ripening apple fruit parallels the transcription level of the ripening-specifi c 1-aminocycloropropane-1-carboxylate (ACC) synthase genes (MdACS1) (Chu, 1988; Harada et al., 2000) . An allele (MdACS1-2) of the gene possessing an insertion in the promoter region has very low transcription activity compared with the wild-type allele (MdACS1-1) . Therefore, MdACS1-2 homozygous cultivars have low levels of ethylene production in the mature fruit . In this paper, we discuss the allelotype of MdACS1, and its role in fruit ripening and abscission.
Materials and Methods

PLANT MATERIALS.
Field experiments were conducted at the Aomori Apple Experiment Station throughout 2000 to 2002. In total, 40 apple cultivars and 65 hybrid F 1 populations from reciprocal crossings of 'Sansaʼ and 'Tsugaruʼ were used for calculating the rate of fruit drop. Strains 94-95 ('Megumiʼ × 'Tokoʼ) and 89-95 ('Megumiʼ × 'Golden Deliciousʼ) were also used to evaluate the rate of softening. These trees were 8 to 26 years old. They grew on various rootstocks and were managed as in commercial practice except for the application of chemicals to prevent fruit drop.
DETERMINATION OF MDACS1 ALLELIC FORMS. MdACS1 allelic forms were determined using PCR as described by Harada et al. (2000) .
FRUIT DROP RATE. Fruit drop was counted twice weekly from ≈20 days before the predicted commercial harvest date that was determined from the change of color of the skin. All fruit remaining on the trees at the harvest date were counted, then cumulative drop per tree was calculated.
MEASUREMENT OF ETHYLENE AND MATURITY INDICES. Flesh fi rmness was measured with a hand-held penetrometer (FT-327; Facchini, Italy) fi tted with an 11-mm-diameter probe. Two skin discs (≈2.5 cm in diameter) were removed from opposite sides of each fruit. The penetrometer probe was pressed into the tissue of the cut surface to a depth of 8 to 9 mm in a single smooth motion. Opposite one-eighth segments from fruit were cut off, and the internal gas was withdrawn from the cortical tissue of one segment submerged in water under vacuum. An aliquant of the gas was measured as described by Harada et al. (2000) . The other opposite one-eighth segments from fruit were homogenized and titrated with 0.1 M sodium hydroxide until neutrality (pH 7.0) was attained. Total titratable acidity was calculated as malic acid.
Remaining six-eighths of the fruit were combined in each sample and used for extraction of total RNA .
MCP TREATMENTS. Two 10-year-old 'Tsugaruʼ trees were used. On 31 Aug., each fruit (total 93) attached to the tree was enclosed in a transparent polyethylene bag (250 × 350 mm, 20 µm thick) by tying with an elastic band at the pedicel (Parafi lm, American National Can Co., Chicago). The future abscission zone was kept out of the bag. Half of the bags contained a microtube containing 2.4 mg of EthylBloc (Rohm and Haas Co., Philadelphia, Pa.). The powder was activated with an injection through the bag of 48 µL of water into the microtube, and then the injection hole in the bag was sealed with a vinyl tape. The next morning, the bags were removed. Thus, the fruit were exposed to ≈1 µL·L -1 MCP for 15 h (from 1700 to 0800 HR).
PREPARATION OF FRUIT PEDICEL TISSUE.
Thirty fruit form strain ʼ94-95ʼ were harvested on 2 Oct. when about half of the fruit had dropped. Immediately, tips of the pedicels (about 1 mm) were sliced off with a razor blade, put into liquid N 2 and stored at -85 °C until use. Flesh tissues corresponding these fruit were also prepared from fi ve fruit selected randomly.
NORTHERN BLOT ASSAYS. Total RNA preparation, RNA gel blot analysis, and PCRs were performed as described by Sunako et al. (1999) . The probes for northern analysis of ripening-related genes were prepared by PCR using genomic DNA template of the apple cultivar Golden Delicious. The primers and the amplifi ed regions were as follows: ACC synthase (ACS1) 5'-GATGAAAGG-TAGCCTGGTCTGA-3' and 5'-TACACTAATCACATTGTAT-GAATC-3', U89156, 4056-4513; ACC oxidase (MdACO1) 5'-TGAAATTCCAAGCCAAGGAG-3' and 5'-TTCAACTA-CACAAACAGTGG-3', AF030859, 3558-3780; polygalacturonase (PG), 5'-AAAGGTCATGGAATTGATCAGGCC-3' and 5'-ATGCCCATAATTATGAACCC-3', L27743, 433 -1650; ß-galactosidase (ßGal) 5'-ACCACATTCCTCGATCATGG-3' and 5'-TATCTGCTGGATCTGCAGAC-3', L29451, 2243 -2399. Primers and their target regions for RT-PCR were as follows: ACS1 (same as for probe) and ACS5 (5'-CACCGTGTTCAGC-CAGCCAAGT-3' and 5'-TCTAAGTGGCTCGAACAAG AGG-3', AB034992, 809-1547).
Results
FRUIT DROP RATES OF CULTIVARS.
To investigate the relationship between the MdACS1 allelotypes and fruit abscission, we measured fruit drop rates of 39 cultivars in 2000 and 20 in 2001 (Table 1) . These materials were selected with due regard to each ACS1 allelotypes and harvest date. The data from 20 (see Fig .1 ) cultivars used in both years showed that the drop rate in each cultivar was consistent between years (year-to-year correlation, r = 0.80), indicating that environmental conditions, such as drought or strong winds, which promote abscission, were minimal during harvest in both years (Fig. 1) . About half of ACS1-1/1 homozygous (samples 1 to 11) and ACS1-1/2 heterozygous (samples 12-30) cultivars had drop rates >50%. On the other hand, all 10 ACS1-2/2 homozygous cultivars (samples 31 to 40) had rates of <20%. The drop rate of each cultivar in 2001 was plotted against harvest date in Fig. 2 . Although most late harvesting cultivars showed very low fruit drop rates, the data show that the low drop rates of ACS1-2/2 cultivars were independent of their harvest date.
FRUIT DROP RATE OF A F 1 PROGENY. We measured the fruit drop rates of F 1 progeny of reciprocal crosses between 'Tsugaruʼ (ACS1-1/2) and 'Sansaʼ (ACS1-2/2). This progeny was selected because the harvest dates of both parents are in the fi rst half of September, but To confi rm the involvement of ethylene in fruit abscission, we blocked ethylene signal transduction in the fruit while it was still attached to the tree by using 1-methylcyclopropene (MCP), which acts by inhibiting binding of the ethylene to its receptorbinding site (Serek et al., 1994) . A single exposure to MCP (1 µL L -1 ) dramatically reduced the drop rate of 'Tsugaruʼ (sample 14). Almost all untreated fruit were dropped by 20 Sept., while 85% of MCP treated fruit remained on the tree at that time (Fig. 4A) . The amount of ethylene in the treated fruit was near background level up to 20 d after treatment. Northern analysis indicated that none or few transcripts of ripening-related genes were activated in the treated fruit (Fig. 4B) . These results indicate that ethylene in the fruit may be responsible for the fruit drop.
NO EXPRESSION OF ACS1 IN FRUIT PEDICEL. Figure 5 shows the result of RT-PCR for the mRNA in fl esh and pedicel tissue of matured ACS1-1/2 fruit. Although ACS5, which has been characterized as wound responsive ACS was detected clearly, no amplifi cation of ACS1 was observed in the mRNA from the pedicel. The results suggest that the ACS1 allelotype affects to the ethylene concentration in matured fl esh tissue, and then the ethylene level refl ects on the degree of fruit abscission.
NO EFFECT OF ACS1 ALLELOTYPE ON THE FRUIT SOFTENING RATE.
To know the relationship between the ACS1 allelotype and fruit softening rate, the fruit attached to different allelotype tree, 94-95 (ACS1-1/2) and 89-95 (ACS1-2/2), were analyzed. These strains were selected because of their similar fruit maturation dates (end of October) and produced enough fruit for the experiments. Tree 94-95 dropped about three-fourths of it fruit by 5 Oct., while tree 89-95 did not drop any fruit at that time. The fruit samples (fi ve each) were harvested and used within one hour of harvest for internal ethylene concentration (IEC) measurements, fl esh fi rmness and titratable acidity. As shown in Fig. 6 , nearly identical decreases in fi rmness and acidity were detected in both genotypes, although great differences were observed in ethylene levels between the two strains, which may explain their ACS1 allelotype. These results indicate that fruit from tree 89-95 exhibited the same softening rate as that from tree 94-95. Northern analysis demonstrated that low ethylene level in fruit of tree 89-95 correlated with the low expression of ACS1. Three ripening-related genes (ACC oxidase, polygalacturonase, and ß-galactosidase) were expressed at a higher level in fruit from tree 89-95, than in fruit from tree 94-95. These results suggest that the ACS1 allelotype responsible for ethylene production in the ripening fruit does not affect the rate of the softening. Table 1 . than colder regions in the same country. Temperature affects not only respiration rate but also, ethylene synthesis rate in ripening apple fruit (Knee et al., 1983a; Lau et al., 1986) . Since the average temperature in early November at our experimental orchard was ≈10°C, the low drop rates of late-ripening cultivars of the ACS1-1/2 class, samples 23 to 30, were probably due to the low ambient temperature. Although early-ripening cultivars seem to be very prone to fruit drop, two ACS1-1/1 cultivars, samples 10 and 11 used in this study, exhibited low fruit drop. An additional complication in early maturing cultivars is that it is diffi cult to judge when to harvest them because they lack uniformity in maturation. The dates we judged as their harvest times might be earlier than optimum. However, the presence of other possible mechanism(s), by which low fruit drop in the two cultivars is phenotypically expressed, cannot be excluded. Fruit abscission is considered to be fundamentally similar to the shedding of other plant parts including leaves and parts of the fl owers (Bleecker and Patterson, 1997) . Flowers of Never ripe (Nr) tomato, a mutant of ethylene receptor, remained attached to the plant indefi nitely, and petals remained viable more than four times longer than their normal counterparts (Lanahan et al., 1994) . Ethyleneʼs role in accelerating abscission has also been recognized in Arabidopsis ethylene-response mutants etr1, ein2, ein3, and ers2 (Bleecker and Patterson, 1997) . The decrease in ethylene synthesis in an ACS antisense Arabidopsis also delayed fl oral organ abscission (Ecker and Theologis, 1994) . The Arabidopsis mutants lack normal ethylene production or its signal transduction in the whole plant. On the other hand, the ACS1-2/2 apple tree had a reduced ethylene production in fruit only, because ACS1 expression has not been detected outside of ripening fruit. Specifi cally, its expression was undetected in the pedicel of the mature fruit. Although mole numbers of ethylene receptor proteins in apple fruit cells are unknown, the amount of ethylene in ACS1-2/2 is likely to be enough for the receptor to commence ripening. An internal concentration of about 0.1 µL·L -1 has been suggested as the threshold level for the initiation of ripening (Knee et al., 1983b) . If the ACS1-2 was a null mutant, the ACS1-2/2 homozygous cultivar would have been eliminated by the breeding system.
The series of plant cell events leading to abscission appears to be primarily controlled by hormonal balance between ethylene and auxin (Sexton and Roberts, 1982) . Auxin application effectively delays abscission, and ethylene induces abscission through the regulation of genes for cell wall decomposition enzymes (Hong et al., 2000) . To prevent fruit drop, apple growers use synthetic auxins or inhibitors of ethylene synthesis (Gardner et al., 1939; Marini et al., 1988; Shafer et al., 1995; Wang and Diller, 2001) . Although these chemicals are sprayed on all parts of the trees, MCP application to fruit only prevented the drop. This result may also suggest that a certain amount of ethylene from fruit could be an initial factor in the induction of abscission zone formation. Therefore, apple fruit abscission may be infl uenced by the balance between ethylene from the fruit and auxins from the tree. MCPtreated fruit showed a large decrease in the transcription levels of ripening related genes, suggesting that cessation of ethylene action can delay the ripening stage.
Apple breeding is based on selection of superior plants from progenies produced by crossing heterozygous parents. As is the case with other woody perennial plant species, a long period of cultivation of a large number of progenies is needed to breed a new apple variety (Brown, 1975) . MdACS1 allelotypes can be easily determined by knowing whether the transposon presences (ACS1-1/2) and 89-95 (ACS1-2/2) tree were harvested on 28 Sept. and 2 and 5 Oct. Each sample was analyzed for internal ethylene concentration (IEC), fl esh fi rmness and titratable acidity. Cortical tissues were taken for RNA extraction and northern analysis. Northern analysis was performed as in Fig. 4 . 
Discussion
Although it is generally believed that apple fruit should abscise at maturity, not all cultivars follow that rule. Furthermore, it is recognized that fruit drop in a cultivar is more prevalent in warmer
